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Introduction 


The death oflymphocytes by apoptosis is an important 
mechanism for maintaining self-tolerance and homeosta- 
sis in the immune system. Failure of apoptodc cell death 
has long been postulated as a cause of loss of self-tol- 
erance and the development of autoimmunity Mice 
expressing the Ipr OymphoproUferation) and j» (gen- 
eralized rymphoprouferative disease) mutaoom develop 
an accelerated, lupus-Ukc systemic autoimmune disease. 
The findings that these singje-geoe defects are due to 
abnormalities in the cell death associated gene. /<u, or 
in the Fas Ugand (FasL), have formally established the 
importance of apoptodc cell death in preventing au- 
toimmunity These two animal models represent the first 
autoimmune diseases in which the major underlying ge- 
netic abnormality is known. In this paper, we review the 
role of apoptosis in the maintenance of self-tolerance, the 
genetic and immunologic basis of disease in hAXX-lpr/lpr 
mice, and the relevance of this model in other animal and 
human models of systemic autoimmunity. 


Lymphocyte apoptosis and tolerance to self 
antigens 

Apoptotic cell death is characterized by fragmentation 
of DNA into micleosomc-sized fragments, nuclear dis- 
solution and cell shrinkage. This process occurs in lym- 
phocytes under several conditions, some of which ap- 
pear to be genetically programmed (and hence are cor- 
rectly cited as examples of programmed cell death'). 


and others are due to withdrawal of growth factors or 
as a consequence of antigen receptor-mediated aenva- 
tion HI- During the development of T lymphocytes m 
the thymus, cells that express receptors that &fl to rec- 
ognize self MHC-encodcd molecules, and are therefore 
not positively selected, undergo apoptotic programmed 
ceU death. Immature T cells that express higMmmcy re- 
ceptors for self peptide + self MHC are believed to un- 
dergo activation-induced apoptosis as a result of antigen 
recognition. This is the principal mechanism of nepove 
selection (clonal deletion) of self antigen-reacave thymo- 
cytes 12-4). It can be mimicked by exposing immature 
T cells to anybodies that crosslink T cell receptors [5.6] 
Similar mechanisms are believed to regulate the devel- 
opment of the mature, self-tolerant B-ceB repertoire, 
although this process is not as well understood as it is 
for T lymphocytes Pi- 
After lymphocytes mature and leave the generative tis- 
sues (thymus and bone marrow), they are functionally 
competent. i.e_ capable of responding to antigenic stim- 
ulation by proliferating and differentiating into effector 
cells. Among the progeny of anogen-stimulated lympho- 
cytes, only a small fraction develop into functJoruT effec- 
tor ecus and memory cells, and the majority probably die 
by apoptosis 18). This is a process of actxvaoon-induccd 
ceD death that may be enhanced by the exposure of 
anueen-stimulated lymphocytes to growth Cactors, such 
as interleukin (lL)-2 in the case of T ecus (9). In mice, 
administration of Urge doses of anti-T cell receptor 
antibodies or superantigens. such as staphylococcal en- 
terotoxins, results in the deletion of T cetts that express 
antigen receptors which specifically bind these antibod- 
ies or superantigens 110-12]. This is probably also due to 
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Introduction 


The death of lymphocytes by apoptosis is an tmpomm 
mechanism for maintaining self-tolerance and homeosta- 
sis in the immune system. Failure of apoptodc cefl death 
has long been postulated as a cause of loss of self-tol- 
erance and the development of autoinununicy Mice 
expressing the fpr QyinphopiohTcradon) and JfW (geo- 
craSzcd ryrnphoprouierad>c disease) mutazioos rtoelop 
an accelerated, lupus-like systemic autoimmune disease. 
The findings that these singje-geoe defects arc due to 
abnormalities in the cell death associated gene, fa. or 
in the Fas ligand (FasL), have formally established the 
importance of apoptodc cell death in preventing au- 
toinurnmrty These two animal models represent the first 
autoinumuK diseases in which the major underlying ge- 
netic ibnormauty is known. In this paper, we review the 
role of apoptosis in the maintenanceof self-tolerance, the 
genetic and inununologk basis of disease in MRL-fcr/fc* 
mice, and the relevance of this model in other animal and 
human models of systemic autoimmunity. 


lymphocyte apoptosis and tolerance to self 
antigens 

Apoptotk cell death is characterized by fragmentation 
of DNA into nuckosome-siaed fragments, nuclear dis- 
solution and cefl shrinkage. This process occurs in lym- 
phocytes under several conditions, some of which ap- 
pear to be genetically programmed (and hence are cor- 
rectly cited as examples of 'programmed cell death 4 ). 


and others are due to withdrawal of growth fcctors or 
as a consequence of antigen rcceptw-mediared activa- 
tion [\\. During the development of T rymphocytes in 
the thymus. ceDs that express receptors that fan to tec- 
ognize self MHC-encoded molecules, and are therefore 
not positively selected, rzndergo apoptoric ptor^rnmed 
cell death, Irnmature T ceOs that express tii^amiutyrc- 
ceptocs for self peptide ♦ self MHC are believed to un- 
dergo actrvatioo-induced apoptosis as a result of antigen 
recognirion. This is the principal mechanism of negaove 
selection (clonal deletion) ofselfanrigen-reacnve thymo- 
cytes (2-4). U can be mimicked by exposing inunature 
T cells to atitibodies that crosslink T cell receptors [5.6]. 
Similar mechanisms are believed to regulate the devd- 
opmem of the mature, self-tolerant B-ceB rcrx^oire. 
although mis process is not as weD understood as « is 
for T lymphocytes p}. 

After lymphocytes mature and leave the generative tis- 
sues (thymus and bone marrow), they are niocriooauy 
competent, ie. capable of r«pondiiig to artngemc ^som- 
uboon by proliferating and tutferentUting into effector 
cells. Among the orogeny of andgen-stmsulated lympho- 
cytes, ordy a srmB faction dc^ 
tor ceBs and memory cdk and thensajortr* !m*ably a* 
by apoptosis {8}. This is a process rfactivaoon-inAiced 
cell death that may be enhanced by the exposure of 
anugen-sriinubted rymplx>cytes to growth factors, such 
as interleukin (It>-2 in the case of T cdb P). In nncc. 
administration of large doses of anti-T ceH receptor 
antibodies or superanrigeos, such as staphylococcal en- 
dotoxins, rcsulrs in the deletion of T ccos that express 
andgen receptors which specifically bind these antibod- 
ies or superantigem (10-1 2]. This is probably also due to 
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activation-induced apoptosis. and may be an exaggerated 
version of the phenomenon that normally occurs in 
clones of antigen-specific lymphocytes that encounter 
the antigen. Activation-induced cell death in mature 
lymphocytes is a homeostatic mechanism that functions 
to regulate the size of antigen -stimulated clones. It is not 
known whether the same mechanism is responsible for 
the maintenance of peripheral tolerance to tissue -specific 
self antigens, although recent findings in MRL-(pr//pr 
mice indicate that apoptotic cell death may indeed be 
an important mechanism of peripheral self-tolerance. 


Genetic control of apoptosis in lymphocytes 
A large number of genes that determine apoptotic pro- 
grammed cell death have been identified in Cacnofhabdi- 
tis. ekgans [13], and more recently in Drosophila sp. [14]. 
Much of the interest in these genes has focused on their 
role in embryogenesis and the development of special- 
ized tissues, including the central nervous system. Al- 
though homologous genes are being identified in mam- 
mals, it appears that apoptosis in lymphocytes and other 
hemopoietic cells is regulated by unique genes. These 
include members of the tumor necrosis (actor (TNF) 
receptor//* superfamih/, proto-oncogenes such as M-2 
and r-myt. and genes that regulate the cell cycle, such as 
P 53 [IS]. 


The TNF r eceptor/fcs superfamily 

The Fas protein was first identified as a membrane pro- 
tein and as a target for antibodies that induced apoptosis 
in cell lines (16]. The human protein called APO-1. 
which was also identified as a target for an antibody 
that induced apoptosis. is identical to Fas [17], as is 
CD95- Fas is a member of a family of proteins with 
12 known members, including the p55 and p75 com- 
ponents of the TNF receptor, CD40. OX40. CD27 
and CD30 [18-]. All members of the family are type 
! membrane proteins containing homologous extracel- 
lular domains with three to six cysteine-rich 40 amino 
acid long pseudorepeats. and cytoplasmic domains of 
variable length without significant sequence homology 
(Fig. 1). Most of these proteins can be produced in 
soluble forms, which are usually generated by proteol- 
ysis of the membrane proteins. The ligands for these 
proteins are all type 11 membrane molecules, with extra- 
cellular carboxy-terminal regions and intracellular amino 
termini (Fig. 1). Eight of these ligands hive been cloned; 
sequence homologies among them are limited to the car- 
boxyl terminal -150 residues, which presumably form 
the receptor-binding regions. All the ligands can also be 
expressed in membrane-associated or secreted forms. 

The fas gene encodes a -45kDa protein. It is expressed 
in activated mature T cells, thymus, fiver, ovary, rung 
and heart [19]. FasL is a -40kDa protein; FasL RNA 
is present in testis, small intestines, kidney, lung, acti- 
vated splenocytes, and. to a lesser degree, activated thy- 


mocytes, but there is little information available about 
protein expression (20~.21 ]. 

Members of the TNF receptor//* superfamily all regu- 
late the growth, differentiation and apoptotic cell death 
of lymphocytes. Binding of FasL or anti-Fas antibodies 
to cell-surface Fas induces apoptosis. much like the bind- 
ing of TNF to its receptor on target cells. The process 
of Fas-mediated cell death is essential for maintaining T- 
cell tolerance to self antigens, as revealed by analysis 
of the MRL-fpr/Jpr mouse strain. In addition, apopto- 
sis induced by cytolytic T lymphocytes (CTLs) is also 
mediated by FasL produced by the CTLs binding to 
Fas on target ceils. This mechanism of target-cell killing 
complements osmotic lysis induced by the insertion of 
perforin into target cell membranes [22*]. In (act. the 
principal mechanism of cytoh/sis by CD4* CTLs is Fas- 
mediated [23*]. In contrast to the FasL-Fas interaction. 
CD40L or anti-CD40 antibodies protect CD40-express- 
ing B cells from death, and stimulate the growth and dif- 
ferentiation of these cells [24-26]. In some cells. TNF-a 
also induces proliferation and not death [27], and even 
Fas engagement has been shown to increase the prolifer- 
ation of some T lymphocytes [28]. The mechanisms by 
which different TNF receptor/>s superfamily members 
transduce tigandVinduced signals and the biochemical ba- 
sis for the distinct functional consequences of ligation of 
these receptors are entirely unknown. The regulation of 
Fas and FasL expression in lymphocytes is also not yet 
fully defined, and this is an area of intensive investiga- 
tion at present. Activated T helper (Th) 1 clones may 
express higher levels of FasL than most Th2 clones [29], 
but it is unlikely that FasL expression is restricted to any 
one T cell subset. How cytokines and costimulators in- 
fluence Fas and FasL expression and function is another, 
largely unresolved issue. 


Other genes that regulate apoptosis in lymphocytes 
The proto-oncogene. W-2, promotes cell division largely 
by inhibiting programmed cell death. Transgenic mice 
that overexpress M-2 in lymphoid cells show prolonged 
antibody responses to immunization, and enhanced gen- 
eration of memory B cells [30.31]. Targeted disruption 
of the M-2 gene results in a dramatic postnatal involu- 
tion of both thymus and spleen, secondary to widespread 
apoptotic cell death [32], Fas-mediated apoptosis may be 
counteracted by overexpression of bet- 2 in cell fines, but 
the mechanism of this effect is not known [33]. The 
proto-oncogene t -mvt generally inhibits apoptosis in cell 
lines. The tumor suppressor p53 is required for apop- 
tosis induced in thymocytes by ionizing radiation [34]. 
Recently. Nur 77, an orphan steroid receptor, has been 
shown to be required for activation-induced apoptosis 
in immature T cells [35,36). Many of these apoptosis- 
regutating genes were first identified in tumors, and 
postulated to play critical roles in the prolonged survival 
and uncontrolled growth of neoplastic cells. Subsequent 
studies have implicated these same genes in the growth 
and survival of normal cells, but the importance of W- 
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2, r-myt. p5J and Nur 77 in the physiologic regulation 
of immune responses and self-tolerance is not yet estab- 
lished. 


Autoimmunity caused by the Ipr and gld 
mutations 

The spontaneous lupus-hke autoimmune disease of 
MRl-lpr/lpr and gld mice has provided a powerful model 
for analyzing the mechanisms of self-tolerance and au- 
toimmunity. Although considerable confusion has arisen 
about the basis of autoimmunity in these strains, recent 
molecular and immunologic analyses have provided im- 
portant insights. 


Immunologic abnormalities in MRUpr/lpr and $kt disease 
MRL mice homozygous for the ipr gene (MRL-(pf//pr) 
develop multiple autoantibodies, including antmude- 
oprotein antibodies, rheumatoid factor, and unmune 
complex nephritis, which is fatal by -6 months [37|. 
In addition, after -6 weeks of age. the mice develop 
progressive lymphadenopathy due to the accumubtion of 
an Jmrnial relation of CD4" CDS" TCRO0* CD3* 
(double-negitivc) T cells that also express the CD45R 
isoform called B220. normally a marker of the B-h/m- 
phocyte lineage. These double-negative T cells do not 
proliferate and are inert to extrinsic stimuli, including 
anri-CD3 antibodies and IL-2 One recent paper shows 
that the double-negative cells can be induced to prolifer- 
ate when cultured with ami-CD3 and an activating an- 
tibody against CD28, TCR for co-stimulators (38). but 



the significance of this observation is not known. Since 
the cells that cause lymphadenopathy are not actively 
proliferating, the term 'lymphoproUferabon' is actually 
a misnomer. MRL-lpr/lpr mice also contain an abnor- 
mal number of autoreactive CD4+ T cells, which are 
detectable before the development of lymphadenopathy 
[39 J. CD4* T cell lines from MRL-lpr/lpr mice are re- 
sistant to cell death induced by high concentrations of 
anti-CD3 or anti-TCR antibodies [40\4!\42*], and 
these T cells have a striking growth advantage over 
normal CD4+ T cells in mixed cultures srimulated by 
alloanrigcns or other T-cell activators [43]. Autoreac- 
tive CD4* T cells are capable of helping syngeneic 
B lymphocytes by inducing proliferation and antibody 
secretion, whereas the double-negative T cells are not 
functional in these assays (GG Singer. A Manhak-Roth- 
stein, AK Abbas, unpublished data). It is not yet known 
whether particular cytokines play obligatory roles in the 
helper function of autoreactive CD4* cells- 
Mice homozygous for the^/i gene develop a phenotypi- 
cafly very similar disease, characterized by autoantibody 
production, immune complex nephritis, lymphadenopa- 
thy due to the accumulation of double-negative T cells, 
and a high frequency of autoreactive CD4+ T lympho- 
cytes [37,43]. The responses of T cells to extrinsic 
stimuli have not been analyzed in detail- 
Sever J lines of evidence indicate that autoimmunity in 
MRJJpr/tpr mice is dependent on CD4+ helper T cells, 
and can be segregated from the rymphadenopathy. Treat- 
ment of MRJL-/pr/fpr mice wkh an antibody against 
CD4 prevents or retards disease [44]. In contrast, and- 
CD8 antibody treatment prevents lymphadenopathy but 
not autoimmunity [45]. More definitive proof has come 
from breeding studies. MKL-tpr/lpr mice bred with mice 
deficient in class U MHC do not develop autoimmu- 
nity, probably because class II-/- animals bck CD4* T 
cells, but again rymphadenopathy is not affected [46*]. 
The same result is seen in CD4-'- MBJL-lpr/lpr mice, 
whereas CDS"'* MRL-Ipr/lpr mice do develop autoan- 
tibodies and show variable degrees of rymphadenopathy 
(D Roh and TW Mak, personal communication). Thus, 
the conclusion of these analyses is that autoantibody 
production is dependent on autoreactive CD4+ helper 
T cells, whereas lymphadenopathy may be due to ab- 
normalities in either CD4* or CD8* T ceBs (and is 
not, therefore, abolished in any of the mice described 
above). It is likely that the Ipr mutation affects ceD lin- 
eages other than CD4* T lymphocytes. For instance, in 
chimeras between tpr/tpr and norma! strains, B cells de- 
rived from the former have a striking growth advantage 
and are required for the development of autoimmunity, 
suggesting that Ipr /Ipr B cells are also intrinsically abnor- 
mal [47.48]. 

If CD4+ autoreactive T cells are critical for the devel- 
opment of autoimmunity, the key question that arises is 
why do MKL-lprApt and mice contain large numbers 
of autoreactive Th lymphocytes? 


Genetic basis of autoimmunity in MRU/pr/fpr 
and g ld/gld mice 

The single most important advance in our understanding 
of autoimmunity in these strains has been the identifica- 
tion by Nagata s laboratory of the Jpr mutation as a defect 
in the fas gene [49]. This abnormal fas gene contains a 
retrotransposon insertion in the second inoon, leading to 
aberrant splicing and premature termination of transcrip- 
tion [50\51'J. As a result, cells from MRL-lpr/tpr mice 
produce greatly reduced or undetectable fas transcripts. 
Although less is known about protein expression, the 
available data indicate that Fas protein is also essentially 
undetectable in Ipr/lpr mice. Formal proof that the fas 
defect causes both autoimmunity and rymphadenopa- 
thy has come from the demonstration that the disease 
of MRL-fpr /Itn mice can be cured if a normal fas gene 
is expressed as a transgene in the T cells of these animals 
[52-1. 

The cloning of the gene encoding the FasL [20"\2t] was 
rapidly followed by the finding that tfd is a point mu- 
tation in the extracellular domain of the gene encoding 
FasL [53-]. The identity of the $d gene has been con- 
firmed by positional doning [54*]. Moreover, it has been 
shown that this abnormal FasL is incapable of inducing 
apoptosis in Fas-expressing target cells. The demonstra- 
tion that Ipr and gld are abnormalities in the genes en- 
coding a receptor-Ugand pair provides the structural ex- 
planation for the long-held view that these autoimmune 
strains are caused by abnormalities in a complementary 
ligand : receptor pair [55]. 

However, the disease of MRL-lpr/tpr mice, although 
dearly /u-mediated. is significantly modified by back- 
ground genes. For instance, the levels of serum au- 
toantibodies and the severity of nephritis vary depending 
on the background strain [37]. Furthermore, the MRL 
srxain is itself autoimmune-prone, and the Ipr defect 
markedly accelerates the development of autoimmunity 

Mechanisms of autoimmunity in MRL-lpr/lpr 
mice 

On the basis of the known immunologic and genetic 
abnormalities in this strain, it is reasonable to postulate 
that a failure of apoptoric cell death in CD4* T lym- 
phocytes is responsible for the persistence of pathogenic 
autoreactive Th cells arid the subsequent production of 
autoantibodies- Autoreactive T cells may persist either 
because of an abnormality in negative selection in the 
thymus or because of a peripheral defect. Recent data 
indicate that thymic selection, assessed by the expres- 
sion of TCR Vps, occurs normally in the thymus of 
MRL-lpr/lpr mice [56*]. More direct evidence that the 
defect is peripheral and not thymic has come from ipr Apr 
mice expressing a transgene -derived TCR specific for a 
known peptide + class II MHC TCR-expressing CD4 + 
T ceDs develop normally in these mice but are resistant 
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to activation-induced apoptotic cell death. More im- 
portantly, the systemic administration of high doses of 
peptide results in comparable deletion of intrathymic T 
cells expressing the transgenic TCR in Ipr/lpr and nor- 
mal (+/+) mice, whereas mature T cells in peripheral 
lymphoid tissues are deleted in +/+ but not in Ipr/lpr 
animals [57-]. These results indicate that Fas plays an es- 
sential role in activation-induced death of mature T ceDs 
in the periphery, but not in negative selection in the thy- 
mus. Therefore, one can posrubie that normally, some 
self antigen-reactive T cells may mature and enter pe- 
ripheral tissues, where an encounter with self antigens 
leads to FasL/Fas-mediated apoptosis. In MKL-lpr/lpr 
mice, failure of apoptosis results in the persistence of 
these autoreactive T cells, which help autoreactive B 
cells that are not deleted. The B cells are thus stimulated 
to produce high-a0inity autoantibodies (Fig. 2). The in- 
sensitivity of Ipr/lpr B cells to Fas/Fas L-mediated cyto- 
toxicity may also contribute toautpantibqdy production 
(58J. Promoting activation -induced cell death may re- 
store peripheral tolerance even in Fas- or FasL-deficient 
mice. This is the likely mechanism by which infection 
of MKL-lpr/lpr mice containing 1L-2. but not IL-4. or 
granulocyte-macrophage colony-srimuUting (actor, viral 
vectors cures autoimmunity (59,60], since 1L-2 is known 
to program T cells for apoptosis J9J. Failure of periph- 
eral activation-induced T cell death is also the probable 
explanation for the relative inefficiency of superanrigens 
to delete specific T cells in MRL-lpr/lpr mice |61]. 


Although the model presented in Fig. 2 may be the sim- 
plest explanation for the development of autoimmunity 
in Ipr/lpr (and. by inference, jfd/gld) strains, many is- 
sues remain unresolved. First, the relationship between 
persistent autoreactive T cells and the accumulation of 
double-negative cells in lymphoid organs is not known. 
One possibility is that chronic stimulation of autoreactive 
T cells by self antigens leads to compensatory downmod- 
ulation of CD4 or CD8 co-receptors and accumulation 
of inert, 'double-negative' cells. Since this could happen 
in cither CD4+ or CDS* populations, selectively deplet- 
ing either subset may not prevent lymphadenopathy. Al- 
ternatively, the double-negative T cells may arise from 
some abnormal thymic population that emigrates to the 
periphery {62]. The role of other cell surface molecules, 
such as CD2. in the accumulation of functionally anergic 
double-negative cells and in apoptosis in B ceJJs has also 
been suggested {63.64]. but its relevance to autoimmu- 
niry is unknown. Second, it is not clear why autoreactive 
T cells persist in an inappropriate way in Ipr/lpt mice, but 
T-cell responses to immunization with foreign antigens 
in adjuvants do not show abnormally prolonged kinetics 
and are not aberrantly high (GG Singer. AX Abbas, un- 
published data). Identifying the self antigens that elicit 
autoimmune reactions, and the way these antigens are 
presented to T cells, may provide important dues about 
the activation of autoreactive cells. Finally, the contribu- 
tions of other components of the immune system, eg. 
B cells, or of background genes, are not understood. 
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Lymphocyte apoptosis and other models of 
autoimmunity 

The relevance of the MRL-lpr/lpr model to human lupus 
and to other autoimmune disorders is an issue of great 
interest at present. Human systemic lupus erythemato- 
sus (SLE) is not caused by a singje receive gene, and is 
usuaDy not associated with lymphadenopathy By these 
criteria, SLE is not the same disease as the autoimmu- 
nity of MRL-/pr/l>/ mice. Nevertheless, Mountz $ group 
has recently found that some SLE patients have elevated 
serum levels of soluble Fas. which can block Fas- me- 
diated apoptosis [65-1- This raises the possibility that 
secretion of soluble Fas may be the basis of autoimmu- 
nity in SLE although the alternative, that high serum 
concentrations of soluble Fas are a result of lymphocyte 
activation, has not been excluded. Undoubtedly, many 
similar studies of SLE patients will be reported in the 
near future. - 

Regulating apoptotic cell death may be a general mech- 
anism for inducing or ameliorating autoimmunity J 15]. 
One line of transgenic mice constitutively expressing 
hd-2 in B lymphocytes develops an autoimmune syn- 
drome very similar to that of MKUpr/lpr mice [30J. The 
likely mechanism is that overexpression otbct-2 prevents 
apoptotic cell death in self-reactive B lymphocytes. Con- 
versely, repeated administration of a self antigen, myelin 
basic protein, reduces the autoimmune reactions specific 
to this protein, probably by activating T cells to produce 
Urge amounts of 1L-2. and thus promoting apoptotic cell 
death 165— J. This raises the possibility that strategies for 
inducing apoptosis in lymphocytes may be of therapeu- 
tic benefit even in diseases associated with defects in the 
Fas-FasL pathway. 


Conclusions 

In summary, although MKL-Jpr/lpr »ndgld/gU mice de- 
velop systemic disease due to multiple autoantibodies 
and immune complexes, they do not develop organ- 
specific. T cell mediated, autoimmune disorders. This 
suggests that different mechanisms may be responsible 
for maintaining tolerance to disseminated and tissue- 
specific self antigens. For instance, T-cell tolerance to 
widely disseminated self antigens may be due to nega- 
tive selection in the thymus or Fas-dependent cell death 
in peripheral sites. Failure of the latter is the cause of the 
systemic disease oilpf/lpr and jfdVoW mice. In contrast, 
tissue -restricted self antigens may normally be presented 
by co-stimulator deficient, antigen-presenting cells, and 
may thus induce anergy in potentially autoreactive T- 
cell clones that have attained maturity. This process of 
clonal anergy does not involve Fas-FasL interactions. 
Elucidation of the mechanisms of self-tolerance to di- 
verse autoantigens will provide a rational basis for devis- 
ing therapeutic strategies for spontaneous autoimmune 
diseases. 
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